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Abstract— Multiple scattering effects from spherical water par-  particle distribution of spherical particles, a similanctusion
ticles of unlform diameter are studleq for a W-band pulsed radar. can be derived by taking ensemble average over an absorption
The Gaussian transverse beam-profile and the rectangular f&e- .qafficient and a scattering matrix. Furthermore, the metho

duration are used for calculation. An second-order analytcal itself b i tended to high d ltiol it
solution is derived for a single layer structure, based on aiine- ltself can be easily extended to higher oraer mufliple sca

dependent radiative transfer theory as described in the autours’ INgs, and also to multiple layers of hydrometeors. However,
companion paper. When the range resolution is fixed, increasin  the formalism is based on the radiative transfer theory ab th
footprint radius leads to increase in the second order refleivity  the solutions can not include the effects of cross terms, i.e
that is defined as the ratio of the second order return to the backscattering enhancement.

first order one. This feature becomes more serious as the raeg

increases. Since the spaceborne millimeter-wavelengthdar has Il. EFORMALISM
a large footprint radius that is competitive to the mean free ) . ]
path, the multiple scattering effect must be taken into accont Figure 1 is a schematic of a layer of hydrometeors of
for analysis. thicknessd. A radar antenna at poit,, with a narrow 3-dB
beam widthd,; < 1 is located at a distanck from the top of
. INTRODUCTION the medium. The origin of position coordinate O is assumed

Effects of multiple scattering on weather radars have betthbe set at the beam center on the surface. Suppose that the
rarely studied in the remote sensing society. As an expedm@ntennaA,, transmits a rectangular pulse of duration tiffie
tal demonstration, Ito et al. [1] pointed out that large 4éine With a linear polarization. The origin of time is set at the
depolarization ratios (LDR) measured in rains with 35 GH@oment when the transmitted pulse reaches the top surface
radars can be attributed to multiple scattering effectaiathan of the medium. Furthermore the transmitting and receiving
single scattering from non-spherical particles. Marzanale antenna gains are assumed to be equal, denote®. byand
[2] simulated the multiple scattering effect for conveetiains p represent the longitudinal and transverse coordinates of a
through a Monte-Carlo method, and reported that overestingbitrary pointz. The 3-dB footprint radius,(z) at z can be
tion of reflectivity due to multiple scattering can reach mga represented as 90
20 dBZ. Recently, Kobayashi et al. [3] derived a theory of 2(2) = (R +2)°63 1)
second order scattering for a radar with finite-beam widtil, a " 81n2
found that the reflectivity of second order scattering iases When the medium consists of spherical particles, the specifi
as a function of the ratio of footprint radius to mean freenpaintensity at pointz in a general directiof? is represented as
of a random medium, and that this reflectivity asymptoticalla solution of time-dependent radiative transfer equatipn[
approaches the values that the plane-wave incident thdpry [ 10 ~ 0 R
predicts. Battaglia et al. [5], on the other hand, performed (—— +Q-— +ne> J(z,p,Q, 1)
another Monte Carlo simulation in which the finite beam c ot oz
effect is explicitly taken into account. Their results, inogl - /d@\p(ﬁ, NI (z,p. U, 1) 2)
agreement with the theoretical prediction of Kobayashilet a
showed that the multiple scattering effect for a spaceborméerec is the speed of lights. denotes the extinction rate
radar can reach 10-20 dBZ at 35 GHz, while almost negligibigven by the Foldy-Oguchi-Twelsky formula [7}11@, (AZ’)
for an airborne radar due to its small footprint size. denotes the 4x4 scattering matrix of the medium. Notice that
In this paper, the second order scattering approximatitire coherent (reduced) specific intensity must satisfy thte h
based on Ito et al. [6] is applied for W-band pulsed radansiogeneous part of Eq. 2. Once we determine an optimal form
A single layer of random medium is assumed to consist of coherent specific intensity, the first order specific istn
spherical particles of uniform size. When considering aegah can be obtained by the perturbation technique as described i



the authours’ companion paper. When the extinction rate froorder copolarized power-retuiff and cross-polarized power-
the top surface of medium to point,, is represented by,,., returni$* are defined by dividing Eqg. 3 by Eqg. 4. It is noticed
the intensity received by the antenna at time R/c can be thati{* is always zero for the spherical particles. In a similar
obtained by multiplying the receiving cross-section witle t manner, the normalized second order copolarized powerrret
intensity aiming point4,,, followed by integration over solid [5°, and cross-polarized power-retuffi* are defined. The

angle. The result is written: normalized footprint radiu&, = oo is first assumed for Fig.
minfet/2, d] o 2, which corresponds to the plane wave incidence theory [1].
IM = I R*T(Op, ﬁz)Io/ 67/2652' In Fig. 2a,l15°, Is° and I5* are plotted as functions of the
mazle(r—t)/2,0] (B +2) normalized range,. Figure 2b shows the linear depolarization

() ratio (LDR) defined byl$*/(1§° 4 15°). The abrupt increase in
LDR from 7. = 2 to 2.1 can be explained by the vanishment
TP.G?0% e 2rar R of I{° at the rear edge of medium. LDR slowly approaches
25k2 R2In2 4 its second order asymptotic value of -6.5 dB that is caledlat
from Eq. (28) in [3]. To see the effect of a finite footprint
radius, calculation is performed for. < 2.6 with a smaller

where the constantz is defined as

Ip =

The direction@B and (AZI are defined as

Op = (.Y oB) (5) normalized footprint radiug, = 0.2 and the other parameters
. kept the same as those in Fig. 3. It is noticed that the firstrord
Q= (0" ¢1) (6) termie is invariant for change iE,. On the other hand, the

In a similar manner, the returned 4-d intensity for the Sdcovalues ofiz* andl3” in Fig. 3a become lower than those in
) ' . rI]—'ig. 2a, and$® becomes always lower thdff in contrast to
order scattering can be obtained as Fig. 2a, because the second order scatterings with scagteri
I? ~ 72711:532 Td® [ dpo - po - expl—pd/(202(0)] angles nea®’ = 9(_)O can not _be effectively collected with
P 1 , A such a small footprint. The rapid decreasesspfandis* after
f dg' fo dzlem " {fo dys _"I'(QB’ Q ¥ (Q , Qi)lo 7, = 2 are conspicuous due to the same reason. LDR in Fig.

fo ds” exp[_ _ _(Z _ )](R+1Z”)2 3b also shows great difference from that in Fig. 2b. The fast
) a2 " 1o approach to the asymptotic value (-6.5 dB) is related to the
-exp[—{p5 — po(1— %) 2eosy’ + aforementioned rapid decreases/$f and [5*.
1—p In Fig. 4a, the second order power-retuiffs and i5* for
e ( 2")?}/(207(2"))] - . .
. =, = 0.2 andoo are compared as functions of the normalized
rectlt + 2 (—1 — )+ (5 —1);0,T) ranger,.. As 7, increases, the difference betwegn= 0.2 and

oo increases. This feature is more serious in cross-polarized

, 2" exp[—ke2” — Be (2 — 27| e
fz (= " ( ](R“ ) return than in copolarized return, because the contribubio

T(Qp, Q) (Q, Q)10 scattering of9’ ~ 90° to the second order scattering is larger
exp[— {Po 2(z'=2") po(1 — ) V2cos(p — @) in cross polarization than in copolarization [3]. In Fig.,4b
I$°, 15° and [§* are plotted as functions of the normalized

+1M/’é ( 2%}/ (20%(27))] footprint radius=, for fixed normalized ranges. = 1.8. As

rect[t + z?/(_l _ 7) + Z_C”(W —1);0, 7]} @) mentioned for Fig. 3, the first order teriff is invariant for

change in=,. The second order term$® and [§* decrease
where the variablgy has been introduced ag = R -tan©. strongly for=, < 1. On the other hand, foE, g 2, these
values asymptotically approach to the values predictechby t
plane wave incidence case that is given®y = oco. When

In this paper, a layer thickness a range resolution?'/2, considering spaceborne radar operation such as in CloudSat
and a footprint radius,. are normalized by the mean free pattMission [8], [9], the deductions from Figs. 4 a and b imply
of mediumiy,.., and represented by;, 7, and =, respec- that the multiple scattering effect must be taken into antou
tively. For calculation of Fig. 2, a single layer of spheticadue to its large footprint radius as also reported by [3], [5]
water particles of uniform diametedd = 1 mm is assumed
to have the normalized thickness = 2 at temperature of REFERENCES
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Fig. 1. A schematic of a layer of hydrometeors of thicknéssA radar
antenna at pointd,, with a narrow 3-dB beam widtl#; < 1 is located
with a distanceR from the top of the mediumz and p are the longitudinal
and transverse coordinates of an arbitrary painwhile pg is defined as a
function of © on the top surfaces,(z) denotes the 3-dB footprint radius at

Z.
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Fig. 2. Normalized footprint radiu&, = oo is used for calculation. a):
The normalized power-returri§®, is° andis® are plotted as functions of the
normalized ranger,-. Note thati{® vanishes afterr, = 2.1. b): The linear
depolarization ratio (LDR) versus the normalized range
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Fig. 4. a): The second order power-retuié and/5* for =, = oo and
Fig. 3. Normalized footprint radiu§, = 0.2 is used for calculation. The =, = 0.2 are compared as functions of the normalized ramgeb): (¢°,
other parameters are kept the same as those in Fig. Z°aJ5° andis® are [5° and$” are plotted as functions of normalized footprint radis. The
plotted as functions of the normalized rangeb): LDR versus the normalized normalized range is set a = 1.8. Note thati{° is invariant with=,.. 15°
ranger,. and I5* decrease strongly foE, g 1, while these values asymptotically
approach to the values predicted by Eq. 7 vith = oco.



